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Introduction
The photochemical, photophysical, and redox properties of the complexes [M(E)(CO) 3 (R-diimine)] n (M ) Mn, Re; n ) 0, +1; E ) halide, alkyl, PR 3 , donor solvent, etc.) were shown in numerous studies 1 to be strongly determined by the nature and combination of the R-diimine and the axial ligand E. In this respect the related complexes [Ru(E)(E′)(CO) 2 (R-diimine)] n are more versatile candidates for the widely ranged investigation of the energy-and electron-transfer reactions, luminescence properties, and radical reactivity, since both axial ligands E and E′ can be varied independently. 2 (CO) 3 (iPr-DAB), 1i,5 and (iii) the photo and electrochemical generation of the five-coordinate anion [Mn(CO) 3 -(bpy)] -from Mn(Br)(CO) 3 (bpy). 1f,5,6 An interesting situation arises when the M(E)(CO) 3 -(R-diimine) (M ) Mn, Re) or Ru(E)(E′)(CO) 2 (R-diimine) complexes contain axial ligand(s) E and E′, usually alkyls or (carbonyl)metal fragments, covalently bound by relatively high-lying σ (MC) or σ (MM′) orbitals. The coordination of such ligands profoundly affects the bonding properties of the metal(R-diimine) fragment and, hence, the spectroscopic and redox properties of the complexes. 1i,7 We have recently demonstrated this approach in a spectroelectrochemical and theoretical DFT-MO study of the inorganometallic complex Ru-(SnPh 3 ) 2 (CO) 2 (iPr-DAB) and its stable radical anion. 8 In these compounds, strong mixing between the π* (iPr-DAB) and occupied weakly bonding σ (Sn-Ru-Sn) (i.e., Ru(p z ) + Sn(sp 3 -sp 3 )) orbitals results in unusual extensive σ-π* electron delocalization. This stabilizing delocalization becomes diminished when one of the axial SnPh 3 ligands is replaced, for example, by a halide, causing quite different excited-state properties of these complexes. 1a The principle subject of this study was to establish differences in the redox properties and reactivity between the halide complexes Ru(Cl)(E′)(CO) 2 (iPr-DAB), E′ ) SnPh 3 , PbPh 3 , Me, 9,10 with largely localized σ,π-(Cl-Ru-E′) and π*(iPr-DAB) systems and the strongly σπ*-delocalized non-halide derivatives Ru(E)(E′)(CO) 2 -(iPr-DAB) (E ) Me, SnPh 3 , PbPh 3 , E′ ) SnPh 3 ; E ) E′ ) PbPh 3 ), see Figure 1 . We have also attempted to characterize most of the detectable reduction products, in particular their spectroscopic (IR, UV-vis, NMR, EPR) properties, molecular geometry, and the E,E′-dependent electron density distribution.
Experimental Section
Materials. The solvents acetonitrile (MeCN, Fluka) and THF (Acros Chimica) were dried on CaH 2 and Na wire, respectively, and distilled under nitrogen prior to use. The supporting electrolyte Bu4NPF6 (Fluka) was dried overnight under vacuum at 180°C and stored under argon. Ferrocene (Fc, BDH) was used as received.
Syntheses, X-ray structures, and spectroscopic data of the complexes under study have been reported elsewhere. 7b,8 Spectroelectrochemical samples were prepared under an atmosphere of dry nitrogen or argon, using Schlenk techniques. Solutions of the light-sensitive complexes Ru(E)(E′)(CO) 2(iPr-DAB), E,E′ * Cl, were handled in the dark or in light-protected cells.
Spectroscopic and Spectroelectrochemical Measurements and Instrumentation. IR spectra were recorded on a Bio-Rad FTS-7 spectrometer with a resolution of 2 cm -1 . Electronic absorption spectra were measured on a PerkinElmer Lambda 5 UV-vis spectrophotometer linked to a 3600 data station. Resonance Raman measurements were performed on a DILOR X4 spectrometer, using a SP model 2016 Ar + laser as the excitation source. 1 H and 13 C NMR measurements were carried out on a Bruker AMX 300 spectrometer and 119 Sn NMR measurements on a Bruker WM 250 spectrometer. The NMR samples of [Ru(SnPh 3)(CO)2(iPr-DAB)]2 and [Ru(SnPh3)(CO)2(iPr-DAB)] -were prepared in a gastight reaction vessel with an attached NMR tube. In this vessel, ca. 10 -1 M Ru(Cl)(SnPh3)(CO)2(iPr-DAB) in THF-d8 was reduced by 1% Na(Hg) until the color changed from orangeyellow to the green color of the dimer, and further to the deep red color of the anion. The NMR tube with the sample was finally sealed off. X-band EPR spectra were recorded at room temperature on a Bruker ECS 106 spectrometer with a field modulation of 100 KHz. The frequency was measured with a HP5350B microwave frequency counter. The magnetic field was calibrated with an AEG magnetic field meter. The microwave power incident to the cavity was measured with a HP432B power meter. The EPR measurements were carried out in a gastight EPR tube attached to a reaction vessel in which 10 -3 M solutions of the parent complexes in THF were chemically reduced by 1% Na(Hg) until the color changed from red to the green color of the radical anions [Ru(E)(E′)(CO) 2-(iPr-DAB)] •-(E ) E′ ) SnPh3, PbPh3) and from red to the orange color of [Ru(E)(SnPh 3)(CO)2(iPr-DAB)] •-(E ) GePh3, Me). The end of the reduction was independently checked by IR and UV-vis spectroscopy. The EPR-simulations 11 program was used to simulate the experimental spectra.
IR and UV-vis spectroelectrochemical measurements were performed with an optically transparent thin-layer electrochemical (OTTLE) cell, 12 following a procedure described elsewhere. 5 Cyclic Voltammetry and Chronoamperometry. Cyclic voltammograms were recorded in a light-protected cell equipped with a Pt disk working electrode (d ) 500 µm) polished with a 0.25 µm diamond paste between scans, a Pt gauze auxiliary electrode, and SCE (Tacussel) normal reference or coiled Ag wire pseudoreference electrodes. The standard ferrocene/ ferrocenium (Fc/Fc + ) redox couple 13 served as an internal potential reference. A home-built potentiostat equipped with a positive feedback for ohmic-drop compensation was used. 14 The potential-time wave forms were provided by an EG & G PAR model 175 signal generator. A Nicolet 3091 digital oscilloscope was used to store the voltammograms and chronoamperograms and to read their current/potential characteristics.
The apparent number of electrons (n app) exchanged during the reduction of Ru(Cl)(SnPh 3)(CO)2(iPr-DAB) at room tem- perature was determined employing a literature method which combines chronoamperometry and steady-state voltammetry at ultramicroelectrodes. 15 The experiment was performed with 1.73 × 10 -3 M Ru(Cl)(SnPh3)(CO)2(iPr-DAB) and 1.18 × 10 -3 M Fc in MeCN/0.3 M Bu4NPF6, following an identical twostep procedure as described in detail for 17 These data are validated by the good match of the characteristic time for the steady-state measurement at the Pt ultramicroelectrode T c ) (d/2) 2 /DRu ) 155 ms, with T c ) 50-500 ms (pulse duration) chosen for the transient chronoamperometric experiments. In the cyclic voltammetry, the determined value n app ) 1.3 corresponds to the reduction of Ru(Cl)(SnPh 3)(CO)2(iPr-DAB) studied at v ) 100-200 mV/s (see Results).
Computational Details. All DFT-MO calculations were performed using the Amsterdam density functional program package ADF. 18 Details of the DFT-MO calculations on the complexes studied in this article have been described elsewhere. 1a,8 The EPR parameters of the radical anions [Ru-(E)(E′)(CO) 2(iPr-DAB)] •-, E * Cl, were calculated using the program GATENQ 19 and considering Fermi contact terms and dipolar interactions.
Results

UV-Vis and IR Spectroelectrochemistry of Ru-(Cl)(E′)(CO) 2 (iPr-DAB) (E′ ) SnPh 3 , PbPh 3 ).
The UV-vis and IR spectral data of the starting compounds Ru(Cl)(E′)(CO) 2 (iPr-DAB) (E′ ) SnPh 3 , PbPh 3 ) and their reduction products are summarized in Table 1 . Reduction of Ru(Cl)(SnPh 3 )(CO) 2 (iPr-DAB) at 293 K resulted in the disappearance of the visible absorption band at 429 nm and simultaneous growth of three new bands at 385, 513, and 687 nm, see Figure 2 (left). Monitoring this cathodic step with IR spectroscopy revealed new ν(CO) bands at 1988, 1963, and 1934 cm -1 , see Figure  2 (right). These UV-vis and IR data strongly resemble those reported for the metal-metal-bonded dimer [Ru-(Me)(CO) 2 (iPr-DAB)] 2 with an eclipsed conformation of the iPr-DAB ligands, see Table 1 . 9,10,20 We, therefore, conclude that the reduction of Ru(Cl)(SnPh 3 )(CO) 2 (iPr-DAB) produces the corresponding dimer [Ru(SnPh 3 )-(CO) 2 (iPr-DAB)] 2 . Notably, this compound is also produced during photolysis of Ru(E)(SnPh 3 )(CO) 2 (iPr-DAB) (E ) Me, Mn(CO) 5 , Re(CO) 5 ). 21 Subsequent reduction of [Ru(SnPh 3 )(CO) 2 (iPr-DAB)] 2 afforded a single carbonyl product (ν(CO) at 1924 and 1856 cm -1 ) strongly absorbing in the visible region at 500 nm, see Figure 2 . It is assigned as being due to the five-coordinate anion [Ru(SnPh 3 )(CO) 2 (iPr-DAB)] -. This assignment has been based on the close correspondence with the UV-vis and IR spectra of the derivative [Ru(Me)(CO) 2 (iPr-DAB)] -, see oxidizes to recover the parent complex Ru(Cl)(SnPh 3 )-(CO) 2 (iPr-DAB) in high yield. An identical route was followed on reduction of Ru(Cl)(PbPh 3 )(CO) 2 (iPr-DAB), see Table 1 .
IR ν(CO) and Near-UV-Vis Data for the Title Complexes Ru(E)(E′)(CO) 2 (iPr-DAB) and Their Reduction Products
The complex Ru(Cl)(SnPh 3 )(CO) 2 (iPr-DAB) and its two diamagnetic reduction products [Ru(SnPh 3 )(CO) 2 -(iPr-DAB)] 2 and [Ru(SnPh 3 )(CO) 2 (iPr-DAB)] -were also characterized by 1 H, 13 C, and 119 Sn NMR spectroscopy, see Table 2 and Figure 3 (Supporting Information). A sufficiently high NMR concentration of the dimer and anion was achieved by reducing Ru(Cl)(SnPh 3 )(CO) 2 (iPr-DAB) stepwise with 1% Na(Hg). A detailed interpretation of the NMR data of [Ru(SnPh 3 )(CO) 2 (iPr-DAB)] -is given in the Discussion. For comparison, NMR spectra of Ru(SnPh 3 ) 2 (CO) 2 (iPr-DAB) 7b,8 are also presented in Figure 3 and Table 2 .
Cyclic Voltammetry and Reduction Path of Ru-(Cl)(E′)(CO) 2 (iPr-DAB) (E′ ) SnPh 3 , PbPh 3 ). The cyclic voltammetric responses of Ru(Cl)(E′)(CO) 2 (iPr-DAB) (E′ ) SnPh 3 , PbPh 3 ) will be described in detail only for E′ ) SnPh 3 . The redox potentials of the complexes and their reduction products are summarized in Table 3 .
The cyclic voltammogram of Ru(Cl)(SnPh 3 )(CO) 2 (iPr-DAB) in MeCN at room temperature shows two cathodic peaks, see Figure 4 , and a totally chemically irreversible anodic process at E p,a ) +0.80 V (ν ) 100 mV/s) localized on the Ru-Cl moiety 1a (not shown in Figure 4 ). The first cathodic step at E p,c ) -1.48 V, see Figure 4a 
UV-Vis and IR Spectroelectrochemistry of Ru-(E)(E′)(CO) 2 (iPr-DAB) (E ) Me, SnPh 3 , GePh 3 , E′
) SnPh 3 ; E ) E′ ) PbPh 3 ). The near-UV-vis absorption maxima and IR ν(CO) wavenumbers of the title complexes Ru(E)(E′)(CO) 2 (iPr-DAB) (E, E′ * Cl) and their reduction products are collected in Table 1 . The selected example of E ) GePh 3 , E′ ) SnPh 3 is depicted in Figure 6 (Supporting Information).
The spectroelectrochemical experiments have confirmed that reduction of all of the non-halide title complexes produces the corresponding radical anions, in agreement with the conclusions of the previous study •-obtained on reducing the parent complexes with 1% Na(Hg) were sufficiently thermally stable with regard to the time needed to record a reasonably good EPR spectrum.
Subsequent electron transfer to [Ru(E)(E′)(CO) 2 (iPr-DAB)] •-, E, E′ * Cl, produced identical anionic species as those obtained during the two-electron cathodic step of Ru(Cl)(E′)(CO)(iPr-DAB) (E′ ) SnPh 3 , PbPh 3 ), i.e., [Ru(E′)(CO) 2 (iPr-DAB)] -(see Table 1 
DAB)]
•-during the first cathodic step, probably due to slow cleavage of the Ru-E bond (see below). The apparent difference in the Ru-Sn and Ru-Me bond strength is also clearly illustrated by the complete absence of the alternative anionic product [Ru(Me)(CO) 2 -(iPr-DAB)] -(see Table 1 ). 9,10,20 We can conclude that the stability of the Ru-E bond in the one-electron-and two-electron-reduced species decreases in the order RuSnPh 3 ≈ Ru-GePh 3 > Ru-PbPh 3 > Ru-Me >> RuCl.
Cyclic Voltammetry and Reduction Path of Ru-(E)(E′)(CO) 2 (iPr-DAB) (E ) Me, GePh 3 , SnPh 3 , E′ ) SnPh 3 ; E ) E′ ) PbPh 3 ). The cyclic voltammetric responses of the complexes Ru(E)(E′)(CO) 2 (iPr-DAB) (E, E′ * Cl), see Table 4 , substantially deviate from those described above for the Cl derivatives. The representative cyclic voltammogram of Ru(PbPh 3 ) 2 (CO) 2 (iPr-DAB) is depicted in Figure 9 . The non-halide complexes are reduced in a chemically reversible one-electron step to the corresponding radical anions, in conformity with the EPR spectra of the latter species recorded on a longer time scale of minutes, see above. The electrochemical reversibility of this cathodic step has been documented by the identical ∆E p values of both [Ru(E)(E′)(CO) 2 (iPr-DAB)] 0/•-and Fc/Fc + redox couples at comparable concentrations and by δE p,c /δlog(ν) ) 0 for ν ) 0.05-1 V/s. The rather negative second cathodic peak in the cyclic voltammograms (see Figure 9 ) belongs to the irreversible reduction of [Ru(E)(E′)(CO) 2 (iPr-DAB)] •-which produces, as revealed by the IR and UV-vis OTTLE experiments, the five-coordinate anions [Ru(E′)-(CO) 2 (iPr-DAB)] -(E′ ) SnPh 3 , PbPh 3 ).
The events along the reduction path of Ru(E)(E′)(CO) 2 -(iPr-DAB) (E, E′ * Cl) are summarized in Scheme 2. During the OTTLE electrolysis, the radical anions compose more slowly when generated by reduction of the parent complexes with sodium amalgam. This difference might be ascribed to a stabilizing ion-pairing effect of the Na + countercation. The fate of the free Me • and PbPh 3 • radicals remained unclear, as they could not be detected by conventional EPR spectroscopy. The pronounced tendency of the Me and PbPh 3 ligands to dissociate was also observed on irradiation of these Ru-(E)(E′)(CO) 2 (iPr-DAB) complexes. 21 The chemically irreversible oxidation of Ru(E)(E′)-(CO) 2 (iPr-DAB) (E, E′ * Cl), localized on the σ (E-Ru-E ′ ) orbital, 1a,8 is shifted considerably more negatively relative to the oxidation of Ru(Cl)(E′)(CO) 2 (iPr-DAB), see Figure 9 and Table 3 . This process was not studied in detail. 
Scheme 2
Study of Ru(E)(E′)(CO) 2 (iPr-DAB)
Organometallics, Vol. 16, No. 21, 1997 4693 
